Monochloramine (NH2Cl), a granulocyte-derived reactive oxygen metabolite (ROM), increases short-circuit current (Isc) in cultured T84 monolayers in a concentrationdependent manner up to nonlethal concentrations of 75 microM. Isc increases slowly after NH2Cl, reaching a peak value of 18 +/-2 microA/cm2 20 min after addition. The Isc changes are persistent (lasting over 20-30 min), depend on medium Cl, and are inhibitable with bumetanide. 36Cl flux studies demonstrated that NH2Cl increases serosa-to-mucosa flux of Cl without changing mucosa-to-serosa flux, consistent with stimulation of electrogenic Cl secretion. Isc responses to NH2Cl, but not PGE2, are dependent on medium calcium. As demonstrated in fura-2-loaded T84 cells, NH2Cl increases free cytosolic calcium by influx of extracellular Ca2+ and by release of Ca2+ from endogenous stores. However, NH2Cl had no effect on phosphatidylinositol metabolism or cyclic nucleotide levels. We conclude that ROM directly stimulate electrolyte secretion, an effect in part mediated by increases in cytosolic Ca2+, possibly through increasing Ca2+ permeability of cellular membranes.
Introduction
Reactive oxygen metabolites (ROM)' are major mediators of the inflammatory process and are formed by activated granulocytic as well as phagocytic cells (1) . These cells generate superoxide anion and also secrete myeloperoxidase, the former being converted to hydrogen peroxide either enzymatically (by superoxide dismutase) or nonenzymatically. Hydrogen peroxide can then be metabolized by catalase, resulting in the formation ofwater or to hypochlorous acid (HOCl) in the presence of 1 . Abbreviations used in this paper: AM, acetoxymethyl ester; IP, inositol phosphates; IP3, inositol-1,4,5-trisphosphate; Isc, short-circuit current; LDH, lactate dehydrogenase; ROM, reactive oxygen metabolites; STa, heat stable E. coli enterotoxin; TTX, tetrodotoxin. myeloperoxidase and Cl. In the presence ofammonia, HOCI is rapidly converted to monochloramine (NH2CI). The half lives as well as the oxidative potential of the various ROM differ. Superoxide anion is very short lived whereas hydrogen peroxide, hypochlorous acid, and NH2C1 are stable. Of these four ROM, hypochlorous acid and monochloramine are more potent oxidants than superoxide and hydrogen peroxide (2) .
The effects of ROM on intestinal ion transport have recently received great attention. We, and others, have shown that numerous ROM evoke short-circuit current (Isc) responses in rat colon (2) (3) (4) (5) , reflecting stimulated Cl secretion. In rat distal colon, H202 or NH2Cl stimulate a biphasic secretory response (2) (3) (4) (5) , i.e., there is a rapid increase in Isc followed by a second more prolonged Isc increase. The early peak can be partially inhibited by atropine (and also by tetrodotoxin [TTX] ), suggesting acetylcholine release as the mechanism of action. However, the latter peak is unaffected by either atropine or TTX, suggesting a direct action ofNH2Cl. Thus, ROM appear to stimulate secretion by direct actions on epithelial cells and also by release ofneurotransmitters which then stimulate mucosal epithelial cells.
To better define the cellular mechanisms mediating the direct actions of ROM on epithelial ion transport, the Cl-secreting cultured intestinal cell line T84 was studied. T84 cells grow as electrically resistive monolayers on collagen-coated permeable supports and are capable of secreting C1 when stimulated by a variety ofsecretagogues (6-1 1). These agents either elevate cGMP such as heat-stable Escherichia coli toxin (7) , elevate cAMP such as PGE, and vasoactive intestinal peptide (VIP) (8, 10) , or elevate cytosolic calcium such as carbachol and the calcium ionophore ionomycin (1 1-13) .
In this study, we chose to study the relatively more stable and cell-permeant ROM NH2C1 which has been shown to be synthesized in inflamed colonic mucosa (14) . NH2Cl, although not extensively studied in this setting, may have a primary role in the pathogenesis of diarrhea and tissue destruction in patients with inflammatory bowel diseases. We demonstrate that NH2C1, at noncytotoxic concentrations below 75 MM, is a potent stimulant ofelectrogenic Cl secretion in T84 cells, an effect mediated by stimulated increases in cytosolic Ca2+.
Methods
Synthesis of NH2Cl. NH2Cl was synthesized as previously described (15) by adding 5 ml 40 mM NH4C1 in 10 mM Na2HPO4 (pH 8.0) to 5 ml water, 50 Ml NaOCI was added four times waiting 30 s between additions. The concentration of NH2CI was determined assuming an extinction coefficient of 429 M/cm at 242 nm. As a vehicle control, 20 mM NH4C1 in 5 mM Na2HPO4 (pH 8.0) was used.
Isc and 36C1 flux measurements. T84 cell stocks and monolayers were made using automatic voltage clamps (World Precision Instruments, Sarasota, FL). The bathing medium used for these studies was a HCO3-Ringer solution (composition in mmol/liter: 1 4 NaCl, 5 KC1, 1
CaCl2, 1 MgCl2, 1.65 Na2HPO4, 0.3 NaH2PO4, 25 NaHCO3, and gassed with 5% CO2 in 02 to maintain pH at 7.4 at 370C). Monolayers were short-circuited except when resistance measurements were taken.
For 'Cl flux studies, monolayers were mounted in Ussing chambers and 'Cl added 5 min after mounting. Baseline fluxes were measured 15 min later over a period of 30 min, NH2Cl was then added and fluxes were measured over the next 30 min. Lactate dehydrogenase (LDH) release. T84 cells were grown in sixwell plates and plated at the same density as for monolayer studies (600,000 cells/cm2). Cells generally reached confluence 5 d after plating at this density and for LDH studies were only used at day 8, that is 3 d postconfluence. Cells were left attached to the culture surface and washed twice with HBSS. The monolayers were then stimulated with NH2C1 at varying concentrations and 30 min later the medium removed. One set of wells was scraped into HBSS and the LDH content measured by the colorimetric assay ofCabaud-Wroblewski (16) in both the homogenate and medium. Cells in another set ofwells treated precisely as above were removed with 0.1% (wt/vol) trypsin and 2 mM EDTA in HBSS for 15 min at 370C and diluted into 0.4% trypan blue to count.
Cyclic nucleotide measurements. Monolayers were mounted in Ussing chambers and stimulated with NH2C1. After 15 min the monolayers were removed from the chamber, rapidly (< 15 s) punched from the support ring, placed into ice cold 10% trichloroacetic acid, and processed for cAMP and cGMP as described previously (17) . Cyclic nucleotides in the samples were measured by acetylated cyclic nucleotide radioimmunoassays (New England Nuclear, Boston, MA). Proteins in the trichloroacetic acid precipitate were measured by the method of Bradford (18) .
Intracellular calcium measurements. For experiments using suspensions, T84 cells were loaded with 10 MM fura-2 acetoxymethylester (AM) for 30 min in media without serum and then rinsed with HBSS (composition in mmol/liter: 137 NaCl, 5 KCl, 0.2 NaH2PO4, 0.45 MgSO4, 10 glucose, 25 Hepes, pH 7.4 with Tris base). The cells were released from the plastic by brief (3 min) treatment with trypsin (0.1% (wt/vol) in HBSS) and resuspended at a density of 2 X 106 cells/ml in HBSS with 1 mM CaCl2. 1 ml ofthe cell suspension was used for each measurement. Fluorescence measurements were made in a spectrofluorometer (F-2000; Hitachi America Ltd., Brisbane, CA) in a gassed, water jacketed cuvette. Intracellular [CaJ was calculated from fura-2 epifluorescence using excitation wavelengths of 340 and 380 nm and emission wavelength of 510 nm. In all cases, measurements were made in the same passages of cells used for Isc measurements.
For single cell recordings, T84 cells were grown on 25-mm glass cover slips. Cells were loaded with fura-2 (60 min at 10 M fura-2 AM) in medium and then rinsed with HBSS. The monolayers were mounted in a specially designed stage-mounted cell perfusion chamber and perfused with HBSS containing 1 mM CaC12 for 5 min before measurements. Intracellular calcium was calculated as previously described (19) . Briefly, fura-2 fluorescence was measured from single cells with a microspectrofluorometer in the epi-illumination mode. Cells were excited with 340 and 380 nm light at 60 Hz. Emissions were stored and averaged every second. Ca, was calculated from calibrated solutions as previously described in detail (19) .
Inositol phosphateformation. Monolayers were prelabelled in medium 199 with [3H]inositol (1 MCi/ml) which has significantly less inositol per liter than DMEM/F12 mixture (0.05 versus 12.6 mg/liter). After 2 d of labelling, monolayers were rinsed in HBSS and stimulated for varying times with 50 MM NH2C1. The monolayers were extracted by punching the monolayer from the support and immediately placing it in 500 Ml 5% trichloroacetic acid. Trichloroacetic acid was removed by eight extractions with an equal volume ofwater saturated diethylether. The samples were neutralized with Tris base and applied to Dowex AG 1 X8 anion exchange columns. Fractions were eluted as previously described (20) . Protein in the trichloroacetic acid precipitates was measured by the method of Bradford (18 
Results
NH2 Cl effect on Isc. When added to the serosal solution, NH2Cl stimulated a gradual increase in Isc ( Fig. 1 ) reaching a peak by 20 min. Monolayers that were used nine or more days after plating had smaller and more variable responses than monolayers only 7-8 d after plating. Additionally, monolayers from earlier passages ofcells tended to have a shorter lag period between addition of NH2Cl and Isc increase. For these reasons, monolayers from earlier passages (less than passage 60) and of 7-8 d postplating were routinely used for these studies.
The concentration dependence of the Isc response to NH2Cl is shown in Fig. 2 . Data presented are maximal Isc changes. Although peak changes did not always occur at the same time after addition of NH2C1, the variability between "early" and "late" responders was significantly reduced by confining studies to selected cell passages and to cell 7-8 d after plating. NH2Cl at concentrations as low as 10 uM stimulated were no significant differences in the time needed to achieve a maximal response between tissues stimulated mucosally or serosally.
To determine whether changes in Isc were dependent on Cl-, media Clwas replaced by S042. Isc responses of cells in SQ42buffer were inhibited by 92±4% (n = 5), suggesting NH2C1 stimulated electrogenic Cl-secretion. To confirm this, the Na-K-2C1 cotransport inhibitor bumetanide (100 gM), which inhibits the Clsecretory response in T84 monolayers (7) , was added to the serosal side in Cl-containing buffer. The Isc response to NH2Cl in the presence of bumetanide was blocked 90±6% (n = 5), again consistent with Isc changes being due to stimulated Cl secretion. Finally, non-steady-state transepithelial unidirectional flux studies with 36C1 also demonstrated that NH2C1 stimulated the serosa-to-mucosa flux, but had no effect on the mucosa-to-serosa flux (Table I) . Since the T84 cell has only been reported to secrete Cl-, the latter findings would be additional evidence that NH2C1 stimulates net Cl-secretion in these cells.
NH2Cl stimulation of Isc was not mediated by stimulation of prostaglandin production. Pretreatment of the monolayer with 10-' M piroxicam, an arachidonic acid cyclooxygenase inhibitor, did not alter the maximal Isc response to 50 gM NH2C1 ( 19±4 in the absence and 18±6 MAmp/cm2 in the presence of piroxicam).
Cytotoxicity studies. In the present studies, NH2C1 has been used at concentrations below those believed to be cytotoxic (15) . However, to readdress this issue, the cellular content of the cytosolic enzyme LDH was measured after exposure to concentrations of NH2C1 from 1 to 100 ,M for 30 min. In this instance, the cells were left adherent to the plastic culture wells and NH2Cl was added to the medium, thus the application in the case may be considered mucosal. Although the media was saved in each case, LDH levels were below the level of detection after all stimulations. As shown in Table II , NH2Cl at concentrations at or below 75 MM had no effect on cellular LDH levels. At 100 MM NH2C1, LDH levels decreased by -20%, suggesting some compromise in cellular viability. In all cases, cell counts were performed to ascertain the number of cells remaining to the plastic following stimulation. Cells were removed from the plastic by addition of trypsin and EDTA after the 30-min exposure to NH2Cl. Even at 100 MM NH2Cl, there was no detectable decrease in the number of cells, the number of cells averaging 2.5 million in 10 cm2 wells. In addition, the number of cells which took up the vital dye trypan blue did not increase up to 75 MM monochloramine (averaging -5%). At 100 MM monochloramine a greater number of cells did take up trypan (14.3±3.9%, n = 6), suggesting that 100 M may be the concentration at which cellular viability is compromised.
Mechanism ofaction. Increases in cAMP, cGMP, or cytosolic Ca2+ in T84 are reported to be associated with stimulated Clsecretion (7, 11, 13) . To examine whether these second messengers mediated the effects ofNH2C1 on Clsecretion and Isc, cyclic nucleotides were measured in monolayers stimulated with 5 or 50 MM NH2C1, 0.1 MuM VIP to elevate cAMP levels, or 0.1 MuM heat stable E. coli enterotoxin (STa) to elevate cGMP levels. As shown in Table III , neither concentration of NH2C1 stimulated increases in cAMP levels, although VIP elevated cAMP 100-fold. Cyclic GMP was below the limit of detection in control, VIP, or NH2Cl-stimulated cells, increased levels could easily be detected following stimulation with STa.
Since stimulated increases in intracellular calcium cause Cl secretion in T84 cells, the effects ofNH2C1 on cytosolic calcium were investigated. Initially these experiments were performed on suspensions of T84 cells from the same passages used to measure Isc (Fig. 1) . These cells were loaded with fura-2 ( 10gM for 30 min) as described in Methods, washed in HBSS, and then resuspended in warmed, oxygenated HBSS. The cells were used immediately in a warmed, oxygenated cuvette in a spectrofluorometer. In fura-2-loaded T84 cells in suspension, basal cytosolic calcium concentrations averaged 96±14 nM (n = 5). Following addition of NH2C1 (50 ,uM), gradual increases in cytosolic Ca2+ were generally observed, reaching a maximum of 153±17 (n = 5) by 15-20 min. This time course was similar to the observed changes in Isc of monolayers and is shown in Fig. 3 . The concentration-response relationship in cell suspension of Ca responses to NH2C1 is shown in Fig. 4 . Each point represents the means of peak responses to NH2C1, n = 6. The ED,5 was 33 gM as determined by least squares analysis, similar to that observed for Isc responses (32 1uM as calculated by least squares analysis, see Fig. 2 ).
The effects of NH2C1 on intracellular Ca2+ were also determined in T84 cells grown on cover slips mounted in a special microfluorometer perfusion chamber. This setup allowed rapid changes in media concentrations ofCa2 . Shown in Fig. 5 are representative tracings of intracellular calcium in single T84 cells stimulated with NH2C1 in the presence and absence of extracellular calcium. NH2Cl-stimulated changes in free cytosolic calcium were dependent both on extraas well as intracellular calcium. There was no change in [Caj] when changing from a Ca-containing to Ca-free solution ( Fig. 5 A) . When NH2C1 was included in the Ca-free perfusion solution, in approximately half of the cells measured (11 of 20 cells), an in- Fig. 5 A) . In other cells, the Ca response to NH2Cl was completely dependent on extracellular calcium (9 of 20 cells). In these cells, the addition of Ca2' (1 mM) back to the perfusion medium stimulated an increase of [Caij when NH2Cl was still present (Fig. 5 B) . In contrast, no changes in [Caj were observed when Ca2" was added back to the perfusion medium in untreated control cells (data not shown).
The calcium dependence of the Isc response is shown in Table IV . When calcium concentration in the medium was reduced to 0.1 from 1 mM, peak Isc responses were only 15% of those in 1 mM calcium medium. However, reduction of calcium did not affect the Isc response to PGE2, a cAMP-mediated secretagogue, indicating a selective inhibition of the NH2Cl response. These results suggest that stimulated increases in Ca, are pivotal to NH2C1 stimulation ofCl secretion.
Many agents which stimulate release ofcalcium from intracellular stores do so via stimulation of phosphatidylinositol breakdown and the formation of inositol phospholipids (20) . In particular, the formation of 1,4,5-IP3 from phosphatidylin- Fig. 1 were loaded with fura-2 AM as described in Methods and harvested by trypsinization. Cells were resuspended at -2 x 1O6 cells/ml and used immediately. lonomycin (0.1 MuM) was added to maximally increase cytosolic Ca and EGTA to obtain the minimum fluorescence as described by Grynkiewicz (27). ositol,4,5-bisphosphate stimulates release of calcium from a nonmitochondrial intracellular store, the calciosome (21) . This has been demonstrated for the muscarinic agonist carbachol in T84 cells (12) . Cells were stimulated for varying time with 50 MM NH2Cl and formation ofinositol phosphates (IP) including inositol-1,4,5-trisphosphate (IP3) measured. A spontaneous, but reproducible increase in IP3 was noted in control cells (Fig.   6 ). NH2Cl, even after 30 min, was no different from control even at time points where the increase in cytosolic calcium had plateaued. In contrast, bethanechol (10M tM) stimulated a significant, but transient increase in IP3 compared to controls, with levels declining after 10 min (Fig. 6 ). Although not shown in Fig. 6 , NH2Cl did not stimulate increases in either inositol monophosphate or inositol bisphosphates. These findings suggest that other mechanisms might be responsible for the stimulated increases in cytosolic calcium by NH2C1.
Discussion
In the present study we show that the granulocyte/phagocytederived ROM, NH2C1, directly stimulates Cl secretion in the human colonic cell line T84 at concentrations which do not appear to compromise cell viability. The mechanism of action appears to be via elevation of cytosolic Ca2' which may cause Cl-secretion by activating K+ efflux of the basolateral membrane as suggested previously (1 1). Although the results in single cell recordings of intracellular Ca, varied, it should be emphasized that in the intact monolayer, Isc changes' stimulated by NH2Cl were always dependent on medium calcium. In addition, some dependence on extracellular Ca2+ could always be demonstrated in single cell measurements. This suggests that although in certain T84 cells where NH2C1 stimulated the release ofintracellular calcium as well that this is not sufficient to stimulate Isc of the monolayer.
The mechanism(s) by which NH2Cl increases [Caj] may be through its actions on membrane permeability to Ca2 . In T84 cells, the NH2Cl-stimulated increases in cytosolic Ca2+ appear to arise from release of Ca?' from endogenous stores as well as influx of extracellular Ca2". The precise mechanisms of NH2Cl-induced increases in cytosolic Ca2' remain unknown.
Oxidants have been shown to alter Ca2+ sequestration of plasma membrane vesicles of hepatocytes (22) . Oxidants have also been reported to stimulate Ca2" release from sarcoplasmic reticulum (23) and inhibit sarcolemmal Na-K-ATPase via activation 'of Na/Ca exchange activity (24) NH2Cl-stimulated Ca, increase was only partially dependent on extracellular Ca2 . Cells were initially perfused with Ca-containing buffer, then with Ca2+-free buffer and 2 min later stimulated with NH2C1 (50 AM). Addition of Ca2+ (I mM) to the perfusion buffer at 12 min produced a small increase in the response. (B) Example of a Ca, response to NH2C1 entirely dependent on extracellular Ca2". Addition of Ca2' at 13 min produced an increase in Ca,. In the absence of NH2Cl, addition of Ca2+ to the perfusate of untreated control cells had no effect on Ca, (data not shown).
pump activity (25) . However, the possibility cannot be excluded that oxidants cause selective changes in Ca permeability of the plasma or organelle membranes (26) , possibly due to lipid peroxidation.
The rather heterogeneous Ca response of T84 cells to NH2Cl was very striking. Cells attached to the same cover slip, for example, displayed variable dependency on extracellular Ca2' and different time courses of response. We speculate that those cells whose responses appeared to depend exclusively on extracellular Ca2`may have been depleted oftheir intracellular Ca2`pools by the fura-2/AM incubation which is performed under Ca-free conditions. Alternatively, it is possible that the plasma membrane is more susceptible to NH2Cl than organelles, perhaps because it is exposed to higher N`H2Cl concentrations present in ambient extracellular milieu. Finally, similar heterogeneity in Ca, response of individual cells have been reported previously (13) and presumably reflect, in part, the polyclonal nature of T84 cells.
The sidedness of NH2Cl stimulated Isc changes is also of interest and bears comment. We speculate that NH2Cl permeability across the basolateral and luminal membranes might be different. Alternatively, the luminal membrane may be less susceptible to NH2Cl induced increases in Ca permeability.
Increases in cytosolic Ca2`are believed to stimulate Cl secretion in T84 cells by opening K+ channels in the basolateral membrane (11) . Our studies indicate that removal of extracellular Ca2+ significantly inhibits NH2Cl-stimulated Isc and increases in Ca,. Our attempts to increase T84 Ca-buffering activity with quin-2 to blunt or negate increases in Ca, due to release from endogenous stores or influx across the plasma membrane were unfortunately nonspecific. Quin-2 loading of cells indiscriminately inhibited both NH2C1 and PGE2 stimulated Isc, the latter mediated through the stimulated increases in cellular cAMP content (1 1).
It has been difficult to define the importance of ROM in electrolyte secretion observed in inflammatory states ofthe intestine. ROMs have diverse effects in the inflammatory process. They increase capillary permeability at tissue concentrations < 5 ,M (14) . In the acetic acid induced experimental colitis in rat, the tissue concentration of NH2Cl has been estimated to be 0.2-0.3 mM by the production of HOCI and NH4 (14) . The concentrations used in this study were well below this range and at concentrations that did not appear to be cytotoxic to T84 cells judged by measurements ofcellular LDH content, minimal changes in monolayer conductance, and absence of changes in Jms of C1-. H202 has also been shown to stimulate Cl secretion in rat colon as well as T84 monolayers; however, larger concentrations are required (4). This may be related to the less potent oxidizing potential of H2O2 compared with NH2Cl (15) . The effect of H202 in intact rat colon appears to be complex. Approximately 70% of the early peak of the H202-induced response can be blocked with cyclooxygenase inhibitors (4) and also by TTX, hexamethonium, or atropine (4). However, the late peak ofthe response in colon is only poorly inhibited by cyclooxygenase inhibitors or by hexamethonium or atropine (< 50% inhibition) (4) . NH2Cl also stimulates a similar biphasic Isc response in rat colon (2, 5) . The early peak can be inhibited -25% by TTX, atropine, or cyclooxygenase inhibitors whereas the late peak is unaffected by TTX or atropine and inhibited 30% by cyclooxygenase inhibition (5) . The differences in these results may be due to the use ofdifferent ROM or concentrations ofROM used. In T84 cells, however, piroxicam (10-5 M), a selective cyclooxygenase inhibitor, had no effect on basal or NH2Cl-stimulated Isc.
ROMs, therefore, may have an important role in the pathogenesis ofdiarrhea in inflammatory bowel diseases. In vivo and in intact mucosa, they activate neurotransmitter release which stimulates active secretion. However, our studies support the hypothesis that a second or delayed phase of ROM-stimulated secretion results from a direct effect of ROMs on epithelial ion transport.
